M ore than 125,000 US patients are diagnosed with hydrocephalus (HCP)-a condition that demands lifelong treatment, often with implanted shunt systems to drain excess CSF. 15 Despite the many advances in modern neurosurgery, shunts continue to malfunction. This holds true particularly in children, as this demographic has a 25% to 40% chance of shunt failure within the 1st year of implantation. 2, 17 The most common occurrence in the general shunted population is mechanical failure, including obstruction, disconnection of the catheters and/or valves, valve malfunction/occlusion, underdrainage, and overdrainage. The rate of mechanical malfunction ranges from 8% to 64%. OBJectiVe Mechanical failure-which is the primary cause of CSF shunt malfunction-is not readily diagnosed, and the specific reasons for mechanical failure are not easily discerned. Prior attempts to measure CSF flow noninvasively have lacked the ability to either quantitatively or qualitatively obtain data. To address these needs, this preliminary study evaluates an ultrasonic transit time flow sensor in pediatric and adult patients with external ventricular drains (EVDs). One goal was to confirm the stated accuracy of the sensor in a clinical setting. A second goal was to observe the sensor's capability to record real-time continuous CSF flow. The final goal was to observe recordings during instances of flow blockage or lack of flow in order to determine the sensor's ability to identify these changes. methOdS A total of 5 pediatric and 11 adult patients who had received EVDs for the treatment of hydrocephalus were studied in a hospital setting. The primary EVD was connected to a secondary study EVD that contained a fluid-filled pressure transducer and an in-line transit time flow sensor. Comparisons were made between the weight of the drainage bag and the flow measured via the sensor in order to confirm its accuracy. Data from the pressure transducer and the flow sensor were recorded continuously at 100 Hz for a period of 24 hours by a data acquisition system, while the hourly CSF flow into the drip chamber was recorded manually. Changes in the patient's neurological status and their time points were noted.
large part of medical care in the United States. Annually, there are roughly 39,000 admissions that account for as many as 433,000 hospital days for pediatric HCP alone. The annual burden for HCP-related shunts ranges from $1.4 to $2 billion per year, and nearly half of these expenses go toward the revision of malfunctioning systems. 15 Unfortunately, there is still no means to obviate this burden-a single, noninvasive but accurate device for detecting mechanical malfunction does not exist. Instead, the clinician is often forced to perform several tests, including MRI, CT, shunt flow studies ("shunt-o-grams"), and shunt taps. These tests increase radiation exposure to patients 6 and potentially introduce infection into shunt systems, resulting in surgical removal and thus prolonging hospital courses and further increasing costs. 13 Furthermore, the specific reason for mechanical failure-absent, excessive, or inadequate CSF flow-often eludes the clinician. 19 This study evaluates the use of an external, ultrasonic, transit time flow sensor to address this unmet need. The initial implantable version of this had been developed (Transonic Systems Inc.), which connects in-line to the existing shunt tubing and can measure flow transcutaneously via inductive signal coupling. The flow sensor has a resolution of 0.5 ml/hr and accuracy greater than ± 15% or ± 2 ml/hr (after zero offset adjustment) in bench testing. To validate the flow measurement technology in an external, nonimplant setting, Transonic Systems developed a similar transit time flow sensor that is connected in-line to an EVD system and does not require inductive signal coupling to record measurements. This paper documents the results of an observational clinical study conducted on 5 pediatric patients at Children's Hospital of Wisconsin and 11 adult patients at the State University of New York (SUNY) Upstate Medical University using this EVD flow sensor. Two specific cases at Children's Hospital of Wisconsin illustrate the potential value of flow measurement in HCP patients with implanted shunts (clinical trial registration no.: NCT00652197; http://www.clinicaltrials.gov).
methods

Patients
A total of 5 pediatric and 11 adult patients who were being treated for HCP were studied. Patients were included if they could be connected to a single, patent EVD at the time of study start. Table 1 lists the patient demographics, including age, sex, and reason for EVD insertion. The clinical team was not blind to this information.
Study Protocol
The study protocol was approved by the institutional review boards at both the Children's Hospital of Wisconsin and SUNY Upstate Medical University. The protocol followed adheres to principles set forth in the Patients already connected to an EVD as a treatment for HCP were connected to a secondary study EVD via a stopcock connection (Fig. 1) . The secondary EVD contained a fluid-filled pressure transducer (TruWave, Edwards Lifesciences) and an in-line transit time flow sensor (Transonic Systems Inc.). A secondary EVD system was used to maintain the sterility of the primary EVD system and allow rapid disconnection of the study EVD in the event the patient needed to be moved for imaging or a procedure. In these cases, the study would be terminated, and the patient would not be reconnected to the study EVD system. The pediatric patients at Children's Hospital of Wisconsin were connected to a Medtronic Becker EDMS II EVD system, while adult patients at SUNY Upstate were connected to an Integra DUET EVD system for both the primary and secondary EVDs.
The drainage bag on the study EVD was weighed prior to the EVD being connected at the beginning of the study and again at the end of the study after disconnection from the primary EVD in order to allow weight-based comparisons with the flow measured by the transit time flow sensor. The study EVD was primed with sterile 0.9% saline and connected to the primary EVD via a stopcock connection located at the drip chamber of the primary EVD. The transit time flow sensor was connected to a custom Transonic flowmeter (TS420), and the fluid-filled Transpak IV pressure transducer (Hospira) was connected to a Transonic pressure monitor (TS430). Data from the pressure transducer was collected continuously on an open drain. The reason for recording the intracranial pres- sure (ICP) on the open drain was to combine flow measurement with the known resistance of the shunt tubing in order to apply an established circuit model to the data; this allowed the calculation of other diagnostic parameters. The flow sensor and pressure transducer were properly zeroed, and flow was diverted to the study EVD via the stopcock. Flow, pressure, temperature, and other signals that serve as flow sensor diagnostics were recorded continuously at 100 Hz for a period of 24 hours for each patient. Data were recorded using a 308T data acquisition system (Iworx) that was connected to the Transonic flow and pressure meters. CSF flow to the drip chamber was also recorded manually by the nursing staff during hourly patient evaluations. The clinical team was not blind to the ICP measurements and CSF volume output. However, clinical investigators were blind to the flow data, and nonclinical investigators carried out subsequent analyses of all parameters after data collection had been terminated.
results
Data comparing weight-based CSF flow and the flow calculated by the flow sensor at each clinical site are shown in Table 2 , respectively. The data show that the flow sensor had an accuracy of ± 15% or ± 2 ml/hr (after zero offset adjustment). One patient was excluded from the data set at Children's Hospital of Wisconsin due to a measurement interruption during the study period. Two patients were excluded from the SUNY Upstate Medical Center data set due to interruption of the study, and 1 patient was excluded due to a nursing error during the study.
Fourier analysis was conducted on the flow and pressure waveforms in each patient. Such an analysis transforms the periodic signaling found in a wave into the sum of the waves and thus a linear composition. The data can then be represented in terms of frequency instead of time. The purpose of the Fourier analysis in this study was to identify the most commonly occurring frequencies in the acquired waveforms and to then relate these frequencies to physiological parameters. The analysis coincided with the hourly measurements obtained by the nursing staff of the heart rate and respiratory rate; thus, the pulsatility of the acquired data was proven to be comparable with these physiological parameters.
Data shown in Fig. 2A and B were taken from a 41-yearold, 110.3-kg male patient who was admitted to SUNY Upstate Medical University. These data illustrate the typical CSF flow and ICP waveforms observed during the study. Flow measurement was started 10 days after admission, and the patient was considered to be in stable condition at the time. Fourier analysis was conducted on the flow and pressure waveforms shown in Fig. 2A and B in order to compare the values for respiration and heart rate obtained in the data with those in the nursing chart. At the time of this recording, a respiratory rate of 24 breaths per minute (0.4 Hz) and heart rate of 107 beats per minute (1.78 Hz) were recorded in the patient's chart. This corresponds to the Fourier analysis shown in Fig. 2C and D, where the primary respiratory frequency is 0.39 Hz (respiratory rate) and the primary heart rate frequency is 1.737 Hz (heart rate) in both the CSF flow and ICP Fourier analysis. The error between the calculated frequencies and the frequency recorded in the nursing chart can be attributed to the fact that the values being recorded in the nursing chart lack the level of precision obtained by the data acquisition system.
illustrative cases case 1 A 14-year-old, 55.9-kg female patient was admitted to Children's Hospital of Wisconsin for Chiari malformation surgery. In this patient, postoperative swelling led to an acute case of obstructive HCP. The patient received an EVD and was consequently connected to the study EVD. The CSF was drained continuously until postoperative swelling decreased and normal CSF flow was restored.
The relief of postoperative swelling was determined to have taken place approximately 12 hours into the study, as noted by the lack of drainage to the EVD. This was also noted in the analysis of the acquired CSF flow data by the decrease in the mean flow (mean flow prerecovery = 10.669 ml/hr; mean flow postrecovery = 0.247 ml/hr) and a decrease in the amplitude of flow pulsatility (Fig. 3) . This case illustrates the flow sensor's ability to differentiate between impaired CSF circulation and absorption, leading to high flow through the EVD with high-amplitude pulsatility, and normal CSF circulation following drainage, which manifests as low flow through the shunt with a diminished pulse amplitude.
case 2
A 17-year-old, 62.3-kg male patient was admitted to Children's Hospital of Wisconsin for ventriculoperitoneal shunt malfunction due to poor abdominal absorption. The shunt was removed, and the patient received an EVD while awaiting the implantation of a new shunt system. The patient was subsequently connected to the study EVD.
The patient complained of a headache at approximately 4.75 hours after the start of the study. Physical examination revealed that the shunt catheter had become kinked at its exit point. The catheter was unkinked and then sutured to the scalp to prevent rekinking. Figure 4A -G illustrates the flow sensor's ability to not only detect a shunt blockage but also detect blockage prior to the patient becoming symptomatic.
discussion
Implanted CSF shunts are plagued with problems and associated with a high rate of failure. Catheter blockage, infection, and valve malfunction are all contributors to shunt malfunction. Shunt failure in pediatric cases has been reported to be 31% within the first year and 4.5% per year thereafter. 16 This poses a significant problem, as the differential diagnosis of shunt malfunction warrants a battery of tests, each with its own limitations. This leads to increased treatment costs, prolonged hospital stays, increased radiation exposure, and additional surgical courses that are often unnecessary. 5, 6, 14 Thus, the need for a noninvasive but accurate tool to diagnose mechanical malfunction remains.
Prior attempts to noninvasively measure CSF flow have been made. A study that performed the weight-based measurement of the EVD system, akin to this study, was limited in that the frequency of data acquisition (1 Hz) did not allow analysis of the pulsatile nature of the flow waveform. 3 Radionuclide injections into an implanted shunt reservoir were able to detect shunt patency. However, measurements could only be repeated a finite number of times and were not quantitative. This method also did not analyze the pulsatile nature of CSF flow dynamics and exposed the patient to repeated doses of radiation. 1, 4, 11, 18 MRI techniques allow the study of the pulsatile nature of CSF flow, but they provide data during a single cardiac cycle as opposed to continuous monitoring. Furthermore, MRI continues to be an expensive and time-consuming study that is not well tolerated by many patients due to claustrophobia. Most importantly, many shunt valves contain magnetic components that have the potential to alter valve settings and cause artifacts on acquired images. 10, 12 The ShuntCheck device (NeuroDx Development) uses a thermal technique to noninvasively evaluate flow through an implanted shunt. While the technique has an 80% specificity for flow, the "detection of flow does not statistically predict clinical diagnosis of shunt failure."
7 Also, "further understanding of the quantitative aspects of flow could be acquired under those circumstances where an alternative method of quantitatively visualizing flow is possible."
7
This study confirms that the Transonic sensor is capable of automatic, real-time measurements of flow and CSF drainage volume through an EVD with an accuracy ± 15% or ± 2 ml/hr over long periods of time. Thus, it is not reliant on hospital staff and can document these parameters at any time point. This is contrasted with the pressure transducer, which requires the manual closure of the drainage system in order to allow hourly recordings over just a few minutes. The data obtained can be used to calculate multiple other useful clinical parameters, including PVI, compliance, the resistance of the EVD catheter, and even brain compliance. Lastly, the specific cases described above demonstrate the sensor's ability to diagnose a blocked catheter. More importantly, the sensor can differentiate between blockage and lack of flow. In the case of the former, the pulsatile flow waveform would be absent; in the case of the latter, the waveform would be present but with diminished mean flow and amplitude.
Dynamic analysis of CSF flow waveforms may elucidate other important diagnostic parameters. These include PVI, intracranial compliance, and ICP, thus giving physicians further noninvasive diagnostic ability.
The circuit model shown in Fig. 5 is a modified version of the Marmarou model published in 1978. 8, 9 Additions to this model have been made to include the components of the EVD system. Similar modifications to the model can be made to include the components of an implanted shunt.
In this model, the formation of CSF is represented by a constant flow generator (q f ). CSF storage is represented by nonlinear capacitance (C) and has an associated storage flow into the distending tissue (i c ). Reabsorption of CSF is represented by resistance (R abs ), facilitating an associated reabsorption flow (i abs ). Lastly, ICP and dural sinus pressure are represented by P ic and P ds , respectively. The circuit diagram is sketched with its equivalent symbols: current is analogous to flow, pressure to voltage, and capacitance to the compliance of the brain compartment. Circuit components are defined in equivalent fashion from pressure-flow relationships, such as p = q × R and q = C × (dP/dt).
These terms also apply to the EVD system, where the ventricular catheter and EVD tubing have resistance and compliance (R shunt , C shunt , R EVD , and C EVD , respectively). There are several pressures in the EVD system that need to be taken into account, including atmospheric pressure (P atm ) and the hydrostatic pressure associated with the height setting of the EVD system (∆P bag ).
Using this circuit model combined with flow measurement (i d ), it is now possible to calculate a wide variety of diagnostic parameters. For example, by knowing the resistance and compliance of the ventricular catheter and EVD tubing, it is possible to calculate the actual intracranial pressure with the EVD line open using the following equation: i d = (P ic − P measured )/(R shunt + R EVD ). The rate of reabsorption of CSF by natural means can then be calculated knowing the dural sinus pressure (P ds ) using the following equation: i abs = (P ic − P ds )/R abs . It will also be possible to calculate the compliance of the brain connected to an EVD in a noninvasive manner.
In addition, whereas prior PVI measurements described in the literature 14, 16 were potentially dangerous to the patient, thereby requiring a bolus infusion of fluid into the ventricles of a patient with an already elevated ICP, this measurement could be done using a minimally invasive approach. By allowing the CSF to drain while integrating the flow signal, one can measure a known amount of fluid leaving the ventricles. By combining this measurement with pressure measurement, both before and after passive drainage, one can calculate PVI without putting the patient at risk for further elevated ICP or infection.
The study was limited in power and by its purely observational design. Data would need to be collected in a larger number of patients and for periods of time longer than 24 hours. Furthermore, the flow sensor was assessed in patients of varying etiologies for HCP. Rather, accuracy would have to be established in each subset of HCP patients and then in comparison studies among these subsets.
Further studies would need to include data obtained from changes in EVD height using a similar external flow sensor-EVD setup. Continuous monitoring would also have to be performed in the setting of programmable valves. Two of the more important areas of additional investigation include recordings from implanted flow sensor devices and comparison studies with the current gold standard for temporary CSF diversion technology-pressure transducers.
conclusions
The Transonic flow sensor was proven to accurately measure CSF flow, diagnose blockage versus lack of flow, and record real-time continuous flow data in patients with EVDs, thus providing physicians the ability to calculate a host of new diagnostic parameters. An implantable flow sensor placed in-line with a shunt system might be a method for noninvasively detecting shunt malfunctions. If this method were successfully implemented, it could decrease the number of diagnostic tests performed, obviate the need for potentially harmful diagnostic techniques, and decrease the length of hospital stay. We would like to acknowledge the nursing staff at Children's Hospital of Wisconsin and SUNY Upstate Medical University for their assistance in patient care and data collection.
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